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“The goal isn't just scientific exploration... It's also about 
extending the range of human habitat out from Earth into the solar 
system as we go forward in time.... In the long run a single-planet 
species will not survive.... If we humans want to survive for 
hundreds of thousands or millions of years, we must ultimately 
populate other planets.” 


Michael D. Griffin, former NASA Administrator 


Introduction 


This book covers the topic of the Deep Space Gateway. This is a 
step beyond the International Space Station, which will be beyond 
its useful lifetime in a few years, and will be decommissioned, 
with some parts being reused, and some re-entered. This will 
result in a new era of human space exploration, further from 
Earth. Whether we refer to the emerging facility as a Gateway, a 
Colony, a settlement, or a habitat, we are talking of a permanently 
occupied facility. We can consider the habitat to be in orbit (about 
something), or on the surface of another body, other than Earth. 
These projects will differ in detail, but will all consist of self- 
sufficient structures somewhere other than Earth, with an 
associated logistics train. The Gateway would be continuously 
crewed. 


Author 


Mr. Patrick H. Stakem has been fascinated by the space program 
since the Vanguard launches in 1957. He received a Bachelors 
degree in Electrical Engineering from Carnegie-Mellon 
University, and Masters Degrees in Physics and Compute Science 
from the Johns Hopkins University. At Carnegie, he worked with 
a group of undergraduate students to re-assemble, modify, and 
operate a surplus missile guidance computer, which was later 
donated to the Smithsonian. He was brought up in the mainframe 
era, and was taught to never trust a computer you could lift. 


He began his career in Aerospace with Fairchild Industries on the 
ATS-6 (Applications Technology Satellite-6) program, a 
communication satellite that developed much of the technology 
for the TDRSS (Tracking and Data Relay Satellite System). He 
followed the ATS-6 Program through its operational phase, and 
worked on other projects at NASA’s Goddard Space Flight Center 
including the Hubble Space Telescope, the International 
Ultraviolet Explorer (TUE), the Solar Maximum Mission (SMM), 
some of the Landsat missions, and Shuttle. He was posted to 
NASA’s Jet Propulsion Laboratory for Mars-Jupiter-Saturn 
(MJS-77), which later became the Voyager mission, and is still 
operating and returning data from outside the solar system at this 
writing. He initiated and lead the international Flight Linux 
Project for NASA's Earth Sciences Technology Office. He is the 
recipient of the Shuttle Program Manager's Commendation 
Award, and has completed 42 NASA Certification courses. He has 
two NASA Group Achievement Awards, and the Apollo-Soyuz 
Test Program Award. 


Mr. Stakem has been affiliated with the Whiting School of 
Engineering of the Johns Hopkins University since 2007, and 
Capitol Technology University. Mr. Stakem supported the 
Summer Engineering Bootcamp Projects at Goddard Space Flight 
Center for 2 years 


Predecessors 


There have been a series of Space Stations in Earth orbit, the most 
recent being the International Space Station. The ISS was built 
with lessons learned from the Russian MIR Station, and the 
Shuttle-MIR program. Earlier missions are discussed below. 


Skylab 


Skylab was an Apollo-era U.S. Space Station. It used a Saturn S- 
IVB upper stage as the structure for the station, launched by a 


Saturn-V with live first and second stages. The hydrogen fuel tank 
was re-purposed into the manned facility. The oxygen tank was 
used for trash and disposables. The payload to orbit was 170,000 
pounds. The station was 82 feet long, 56 feet wide, and 36 feet in 
the other direction. It was quite visible from Earth. It was serviced 
by Apollo capsules for both logistics, crew delivery, and auxiliary 
electric power. This was pre-Shuttle, and even after Skylab was 
deliberately re-entered for safety reasons, another Skylab could 
have been launched and then serviced by the Shuttle. 


Skylab-II 


Skylab-II was a circa 2013 concept from the Marshall Space 
Flight Center's Advanced Concepts Office. It would be the same 
concept as the original Skylab, but used the upper stage hydrogen 
fuel tank from the Space Launch System then under development. 
It was to be located at the Earth-Moon L2 point (Lagrange point, 
a null in the gravity field). Here, it would need minimal orbital 
adjust to remain at that spot. That particular point is on the other 
side of the moon, from the Earth. That puts it some 430,000 km 
from Earth, and 62,800 km from the lunar surface. With the moon 
between the station and the Earth, a relatively quiet radio 
environment is achieved. The goal is to support a 4 person crew 
for 60 days, without a resupply flight. The re-purposed tank 
would have a diameter of 8.5 meters, larger than the ISS's 4.5 
meters. The provided volume would be about 500 cubic meters. 
Lessons learned from the ongoing ISS mission would be applied 
to the Skylab-II project. 


Salyut 


Russia's on-orbit experience with Space Stations started with the 
Salyut in 1971. On the first crewed flight to Salyut-1, the crew 
was unable to dock, due to a failure in the mechanism on their 
craft. A second mission was successful, and the crew occupied the 


facility for more than 3 weeks. Unfortunately, the crew as killed 
while returning, due to a faulty pressurization valve. They were 
not wearing pressure suits, as the cabin space was not sufficinet. 
Salyut 1 was intentionally reentered and destroyed after 175 days 
in orbit. The replacement unit did not reach orbit, due to a launch 
vehicle fault. A new mission, launched a few days before Skylab, 
had a failure that caused the orbit control thrusters to fire 
continuously, depleting the fuel supply. It reentered the 
atmosphere and burned. 


The evolutionary architecture led to a second docking port being 
added. The next to last unit was abandoned and reentered due to 
mold problems onboard. Salyut-7 went to orbit in 1983, and was 
operational for more than 8 years. It was visited by ten crewed 
spacecraft, six with long duration crews. The Salyut series led to 
Mir and the ISS. The heritage of modular design for use in space 
was proven, and continued. 


MIR 


MIR (‘Peace’) was a Soviet modular space station, intended for 
long duration, Earth-orbital mission. It was launched in 1986, had 
visits from 28 crews, and included other nationalities. It was de- 
orbited in 2001. It logged the longest duration space mission to 
that point, more than 437 days in orbit, by two cosmonauts. 


MIR was designed for a crew of 3, with hosting 6 possible for 
short periods. The Space Shuttle Atlantis delivered the docking 
module for MIR. It had seven pressurized modules, and large 
solar arrays for power. It was assembled in orbit, from various 
modules, launched separately. There were a total of seven 
modules, and cargo cranes to assist in maneuvering exterior 
equipment. 


After the basic station was in orbit, 2 cosmonauts visited in 1986, 
and powered the station up. On the way back, they visited another 
orbital outpost, Salyut-7. Later, when the station was occupied, a 
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Kvant module was having trouble docking. An EVA revealed a 
trash bag in the way. Seems you can't just leave the trash outside 
the door, in orbit, and have it picked up. 


During a docking system test in 1977, the docking vehicle 
collided with the Station's solar array, bounced into one of the 
modules, and punctured it. This lead to an emergency 
depressurization of the station. The crew responded quickly and 
contained the damage. No one was injured. In another incident, in 
1997, there was an onboard fire caused by some of the oxygen 
generating equipment. This filled the facility with toxic fumes. 
Quick reaction by the crew resulting in containing the damage, 
and no injuries were reported. At the time, U. S. Astronaut 
Linenger was aboard. This has been the most severe fire about an 
orbiting space station so far. Again, lessons were learned that 
applied to the planned ISS. Close-out of Mir began in 1998 


A resupply craft collided with the solar arrays during a test of the 
manual docking system. The module was holed, and was leaking 
the onboard atmosphere to space. Again, quick action on the part 
of the crew saved the day when they isolated to module by means 
of an airlock. Unfortunately, access to the module was lost. Later, 
the onboard crew was able to patch the leak, and open the airlock 
again. 

In 1999, crews arrived to begin decommissioning the station, as 
the ISS project was ramping up. The station reentered and burned, 


landing in the South Pacific in March of 2001. The facility had 
been designed with a 5-year lifetime goal, but lasted 15. 


MIR-II refers to a follow-on project, which eventually got 
incorporated into the ISS. The module used was the Zvexda 
(‘star’). It is the basis for the current station's life support system. 


Shuttle-Mir Program 


The Shuttle-Mir program was a demonstration of cooperation in 
Space, and led to the combination of two space station programs 


of the United States and Russia into one facility, the International 
Space Station. The U.S. wanted to take advantage of the Russian 
on-orbit experience, and Russia needed hard cash. This was a 
successful joint endeavor, continuing to this writing, regardless of 
the motivations. 


Shuttle mission STS-63 flew to the MIR station in 1995. There 
was no attempt to dock; only a fly-around. There would be a total 
of nine Shuttle flight to Mir, delivering new modules for station 
expansion, crew exchange, and logistics supplies. American 
astronauts logged close to a thousand days onboard MIR. The 
station was a follow-on to the earlier Salyut Stations. It was 
larger and more comfortable, and took advantage of lessons- 
learned in orbit. With the docked Shuttle, the facility massed 250 
metric tons, the world's largest facility in space. 


The MIR Station was de-orbited successfully in March of 2001. It 
had flow three times its projected life. 


ISS 


In 1993, United State's Space Station Freedom Project, to create 
the International Space Station kicked off. On-orbit construction 
began in 1998, and was completed with a last Shuttle mission in 
2011. It is the largest artificial satellite in Earth orbit, and can be 
seen from the ground with the naked eye. The ISS is a synthesis 
of several space station modules from the U. S., the Soviets/Rus- 
sians, the Europeans, and the Japanese. It serves as a laboratory, 
observatory, and factory in Earth orbit, and is continuously 
crewed. Part of its mission is to collect information on items in 
orbit for long duration. It is currently funded through 2024. The 
assembly began in 1998, with the first module being the Zarya, It 
now has 15 pressurized modules. Five more are planned,. This is 
the advantage of a modular architecture. It is the 11" station sent 
to orbit. Early stations such as Skylab were not intended for re- 


supply. 


The International Space Station is continuously crewed, and 


orbits the Earth at an altitude of some 250 miles. It is quick, 
traveling at 17,300 miles per hour. It is also expensive, 
representing an investment of some $100+ billion dollars by the 
world community, mostly by the United States and Russia. It is 
thus the most expensive object ever constructed by mankind. It 
has been visited by astronauts and cosmonauts from some 15 
nations, and by paying tourists. It can generally be found at an 
altitude between 300 and 435 km, and can be seen by the naked 
eye in the daytime, if you know here to look (there's a NASA ap 
for that).It has be continuously occupied for 16 years, as of this 
writing. It has been visited by travelers from 17 nations, some for 
work, some for tourism. It normally has a crew of 6, and masses 
419,500 kg, the largest item in orbit. 


The ISS was constructed in orbit, using large modular sections 
delivered to orbit by the Russian Proton heavy lift vehicle, and the 
Shuttle. Both had a capacity of around 50,000 pounds to Low 
Earth Orbit. The first section in orbit was the Zarya module. 


Thirty-five Shuttle flights were used during the construction 
phase, to deliver components and construction crews, and serve as 
a temporary habitat for the crew to use during construction. 


Astronauts and Cosmonauts can go out through airlocks to effect 
repairs to the station. This is usually hazardous. In one case, a 
solar array had torn. The EVA crew had to work on it when it was 
in sunlight, which introduced an electrocution hazard (which the 
suit could not have handled). The repairs were carried out 
carefully and successfully. In another incident, the ammonia 
cooling system was damaged, and one of the Astronauts sent out 
to evaluate and fix it got covered in ammonia, which promptly 
froze to his suit. In this case, he had to wait until it sublimated 
away (and hope his oxygen held out), because he would have 
contaminated the airlock with the ammonia. 


The crews are rotated in and out of the station for varying periods, 
not to exceed a year. This service uses a Russian Soyuz capsule. 


There is always one capsule at the station for emergency 
evacuation. Each crew is referred to as an “Expedition.” Current 
maximum is a crew of six. When a crew exchange does not 
involve all 3, (the capacity of the Soyuz) the spare seat may be 
sold to a “spaceflight participant” or space tourist. The current 
seat price is $40 million, includes room and board, return trip, and 
magnificent views. Seven have taken advantage of this 
opportunity to date. Cubesats coming up as cargo are 
accommodated by the NanoRacks system in the station, and can 
be attached to the outside, later to be retrieved and returned to the 
ground. 


Now that the Shuttle fleet has been decommissioned after two 
disasters, the U.S. currently has no human-rated logistics vehicle, 
and relies on the Russian Soyuz craft for crew exchange. Crew 
exchange is done currently only by the Soyuz TM, but several 
options are in work for a new series of U. S. crewed vehicles. 
Several commercial companies provide non-crewed logistics 
services, including Space-x (Dragon), 


Logistics flights (food, oxygen science projects, clean underwear) 
up, and trash down now use a variety of options, the Soyuz cargo 
version, and commercial un-crewed capsules under contract to 
NASA. Some capsules burn in the atmosphere upon reentry, and 
some can be reused. Resupply is by Russia's Progress (5,200 Ibs), 
Orbital-ATK's Cygnus (4400-7700 lbs, depending on launch 
vehicle), and SpaceX's Dragon (6400 lbs), the European 
Automated Transfer Vehicle (19,500 Ibs) and the Japanese HTV 
Transfer vehicle (9900 lbs). 


Due to orbital drag, the station needs occasional re-boosting. This 
can be done with any capsule docked to the Russian service 
module Zvezda's aft port. 


For sleeping arrangements, there are no dedicated sleeping 
modules, and crew just typically Velcro themselves to a wall in a 
module of their choice. There are two Waste and Hygiene 
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Facilities of Russian design. The liquid is piped to the Water 
Recovery System, and solid waste is bagged and put in a 
returning Progress logistics carrier. 


In normal operations, the Earth's magnetic field deflects charged 
particles from the station. Energetic space particles may pass 
through the station with negligible effect. Space debris is a 
problem, from discarded bolts to Zombie-Sats, dead satellites in 
orbit. These are all tracked, and on rare occasion, the station 
needs to do a damage avoidance maneuver to avoid a collision. 
Solar flares, Coronal Mass Ejections can also endanger the crew. 
They then have to gather in their equivalent of a tornado shelter. A 
series of sentinel satellites track these events originating in the 
Sun, and provide ample warning time. To date, no evacuation of 
the Station has been necessary. The Crew normally is exposed to 
the same radiation in | day, which a person on Earth would get in 
a year. 


And, the answer as to whether there is life in space is 
resoundingly “yes.” By 2012, 76 types of microorganisms were 
detected on the station. 


Decommissioning of the ISS 


The current ISS will reach end-of-life in the 2020's, and is too big 
to be allowed to re-enter in one piece. One or more follow-on 
stations will be built in orbit, re-using some modules from the 
ISS, and new modules launched from the ground. This is possible 
due to the modular nature of the ISS, and the lessons-learned 
during its construction and use. Some of the original modules are 
end-of-life. 


The various nations that own parts of the station are responsible 
for their disposal. If the parts can not be re-purposed, they will be 
re-entered into the atmosphere in a controlled manner. Then, the 
question is, what is the replacement for the ISS. More 
importantly, what are the follow-ons? 
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Russia currently has plans to remove some of its ISS modules, 
and re-purpose them into a new facility, the Orbital Piloted 
Assembly and Experiment Complex (OPSEK). This is based on 
an estimated life on-orbit of 30 years, based on the MIR 
experience. 


Besides a permanently crewed station in orbit, we must begin to 
think of expanding outward. The near time goals are lunar and 
Martian. These are being addressed. These large projects will 
benefit from co-operation, not competition. The Deep Space 
Gateway Project is a joint Russian-US effort, announced in 2017. 


Lessons Learned from similar Earth- 
based facilities 


As we go further from Earth, the mission duration's will increase, 
and the crew will begin to feel more isolated. That has been 
observed in similar terrestrial scenarios such as_ nuclear 
submarines, arctic, and antarctic bases. 


A nuclear submarine can stay submerged for months, with limited 
communications, because that can give away its position. Crews 
have to be trained to operate efficiency in that environment of 
isolation. Similarly, outposts in Antarctica and drifting ice stations 
at the North Pole have similar problems, but with more open 
communications. The research stations in Antarctica are mostly 
shut down over the winter, with only a small maintenance crew. 
This has lead to a condition called “winter-over syndrome,” with 
a span of behavioral and medical issues. There is also a specific 
Polar T3 syndrome. 


A specific program addressing the Mars issues is the Flashline 
Mars Arctic Research Station (FMARS). There is currently one 
such facility in the Arctic, with a second planned. The existing 
station is on Devon Island in the Arctic sea. It is located on a 
ridge, overlooking a large impact crater, about a thousand miles 
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from the North Pole. The facility was built in 2000, and is 
operated by the Mars Society, a non-profit. It is used to define and 
refine field procedures, test habitat design, study crew 
performance, and selection criteria. It began operations in 2001. 
Generally, there is a core crew of ten, with visiting researchers 
and assistants. A hazard probably not found on Mars is the 
occasional polar bear, looking for a quick meal. One outside crew 
member is always armed. Communication to and from the station 
to external sources is delayed 20 minutes, to simulate the one-way 
radio/light travel time to Mars. The crew keeps to the somewhat 
longer Martian Sol day 


The Biosphere -2 project, located in the Arizona desert, supports 8 
humans for a year in a closed ecosystem. 


There has been fewer problems on the ISS and other orbiting 
facilities, mostly because the crew can be in constant contact, and 
can see home by looking out the window. The crew of a lunar 
backside surface facility, or heading to Mars will have to be 
closely monitored for indications of changes in mood and 
cognition. 


There is also a Mars Desert Research Station in Utah in the 
Western United States, operated by the Mars Society. A third 
station is located near a volcano in Iceland. A fourth station, to be 
located in Australia, is in the planning stages. 


Deep Space Gateway 


The Deep Space Gateway (DSG) is a NASA Project for a crewed 
station in cislunar space. It is intended as a jumping-off point. The 
Orion crewed vehicle is scheduled to be used for this effort. The 
Gateway would be located in a halo orbit around the Moon. By 
that, we mean that the spacecraft would be visible to Earth for its 
entire orbital path. The DSG would form an in-orbit ecosystem 
for missions to the lunar surface, and to Mars. Ion thrusters are 
proposed for station-keeping. These use electrical power for 
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accelerating various (usually, inert) gasses to high velocity, rather 
than using fuel and oxidizer. The thrust is generally low, but can 
be continued for long periods of time. 


The Power/Propulsion Module (PPM) will have large solar arrays 
for power, 40 kW is baselined. The Cislunar Habitation Module 
will join the PPM later in orbit, and will provide living and work 
space. The planned Gateway and Logistics module will join next, 
providing experiment space and supplies. An airlock module will 
be added later, to enable EVA operations. The DSG can also serve 
as a communications relay to and from Earth, for lunar and Mars 
missions. Telerobotic missions on the lunar surface can be 
accomplished now, but the communications delay is just on the 
edge of making it awkward. The communications time from the 
DSG to the lunar surface will be negligible. The DSG could also 
serve as the basis for a lunar GPS system, providing a location 
reference for surface rovers. 


Although we have data on 1-year duration mission close to Earth, 
the DSG will provide more information on long duration human 
missions in an environment away from our home planet. All of 
the ISS partners, US (NASA), Russia (Roscosmos), Europe 
(ESA), Japan (JAXA), Canada (CSA) are participating, and form 
the nucleus of further human exploration of the solar system. 


The project presents daunting challenges in design, testing, 
delivery, logistics, and operations. The lunar vicinity provides a 
effective location for expeditions to other places in the solar 
system. And, it's been a while since we have stepped foot on the 
Moon. In the mean time, the discovery of water ice at the poles, 
from remote sensing, is most interesting for a lunar base. 


The Gateway will serve as a “enabling infrastructure” for further 
exploration. It is planned to be placed in a near-rectilinear halo 
orbit (NRHO) around the Moon The Gateway will serve as the 
starting point and the mothership for lunar exploration. The DSG 
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offers return to Earth in a matter of days. If the lunar water ice 
can be successfully mined and broken down into hydrogen and 
oxygen, we will have a fueling station that is not on the Earth's 
surface. With lunar surface exploration by autonomous and 
telerobotic rovesr, mining for minerals can also be accomplished. 


This will kick off with Expedition-1, an uncrewed flight of 
NASA's new Space Launch System (SLS)Vehicle, and Orion 
Spacecraft. Various subsystems for the Orion capsule are now 
under test at the ISS. NASA estimates a rate of one SLS flight per 
year is possible, after the second flight. The basic SLS can lift 105 
metric tons to Low Earth orbit, and the advanced vehicle will be 
capable of lifting crew and 10 metric tons to the lunar vicinity, or 
more than 40 tons, non-crewed. 


The Gateway will differ from the ISS in several ways, but will 
certainly incorporated the “lessons-learned” from ISS and 
predecessor stations. We don't have the Shuttle anymore, so 
logistics will involve a new generation of heavy lift vehicles. It 
will probably be built in lunar orbit, so some facilities for the 
construction crew will be required. There is now a leaning to 
separate crew from cargo. This come from the fact that everything 
that goes on a crewed launch vehicle has to be human-certified. 


The DSG is designed to use electric propulsion for station- 
keeping, eliminating the need for thruster fuel, and based on the 
amount of available sunlight. These will be ion thrusters, that use 
a monopropellant. 


The DSG will result in a one-year crewed mission near the moon, 
to validate the concept of a flight to Mars. It is not so much the 
distance to Mars, as the relative orbital positions of the two 
planets in their solar orbits. The mechanics of the transfer orbit 
were worked out in 1925 by German scientist Walter Hohmann. 
In his 1928 book, A Daring Trip to Mars, Max Valier shows that 
one of the most efficient methods of reaching Mars from Earth 
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involves a non-intuitive Venus fly-by. People have been thinking 
about this for a while. The least travel time occurs about every 26 
years. 


Using a standard Hohmann transfer orbit would involve a 9 
month travel time, 500 days at Mars, and another 9 month return 
journey. Due to this time-frame, there is a significant radiation 
risk, both in space, and on the surface, due to the thin atmosphere. 
There is also the issue of lack of gravity for that period of time. 


The Gateway can also participate in lunar in-site research 
utilization, using lunar ice from the surface, brought back to the 
Gateway to be separated into its constituent hydrogen and 
oxygen, and used for rocket fuel. Hosting crewed surface 
missions, the Gateway would operate on a similar model to 
Antarctic based. 


Deep Space Habitat 


The Deep Space Habitat (DSH) was proposed in 2012, to support 
human exploration beyond low Earth orbit, as a stepping stone to 
lunar, asteroid, and Mars missions. It will utilize on-orbit 
experience with the ISS, and the new Orion capsule. The goal is 
to have a crew living and working for up to 1 year. An ideal 
location for the Habitat would be the L1 cis-lunar Lagrange point, 
a null in the Earth-Moon gravity field. The advantage of staying 
at this point is that both the Earth, and the Moon are “downhill” in 
the gravity field. It is 150 million km from Earth, and 1.5 million 
KM from the Moon. Strangely, you can orbit a Lagrange point, 
even though there's nothing there. The Lagrange point on the 
opposite side of the Moon from the Earth is where the new James 
Webb Space Telescope is being placed. The five Lagrange points 
are solutions in the restricted three body problem of orbital 
mechanics. The restriction is, one of the 3 body's much be much 
smaller than the other two. For any two bodies, there are 5 
Lagrange points. Problem is, they are not the exact null points 
that we would like, but are perturbed by all the other bodies in the 
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solar system. You can trust me, or you can do the math. 


The project is in Phase 2 of 3 as of this writing. Besides the Orion 
capsule for 4, the 60-day mission profile would utilize the 
Cyrogenic Propulsion System (Liquid hydrogen, liquid oxygen) 
assembly, a lab module, and an airlock. The MultiMission Space 
Exploration Vehicle (MMSEV) may also be attached. This is a 
servicing craft for a crew of two, and, most importantly, it 
includes a toilet. Mmsev 


A 500-day mission is also baselined, requiring the addition of a 
Multipurpose logistics module. The lessons learned from decades 
of various space station operations in orbit will be applied, as 
DSH will be further away from the home planet, and the cost of 
failures is much higher. 


Russian Lunar Orbital Station 


The Russian Lunar Orbital Station is a 2007 proposed project for 
a lunar orbital station, and an eventual surface station. It would be 
based on MIR and ISS lessons-learned. The project may see 
construction around 2030. It may also be blended into the joint 
US-Russian DSG. 


NASA Lunar Outpost 


The NASA Lunar Outpost is an element of the Bush 
administration (2001-2009 ) Vision for Space Exploration. It was 
directed by Congress that the facility would be named the Neil A. 
Armstrong Lunar Outpost. The outpost location would be at one 
of the lunar poles. Since then, remote observations have revealed 
the presence of water ice in craters at the South Pole The South 
Poles remains in shadow, and sunlight does not reach the bottom 
of the craters. Besides the value of in situ water supplies, and the 
ability to produce hydrogen and oxygen from the water via solar- 
powered hydrolysis, the ice may contain records of the material of 
the early solar system. The water is a critical sustainable resource 
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for a crewed lunar base. The Indian Chandrayaan lunar orbiter 
was responsible for this discovery. 


One ideal structure for lunar bases (that the author has worked on) 
is lava tubes. These are found on the Earth as well, and the cooled 
lava provides a hard, sealed surface. It just needs to be capped 
with airlock doors, and no further exterior construction is 
required. 


The outpost will consist of various modules for habitation and 
laboratory space, an extension solar array assembly, and a garage 
for a rover. There will also be a communications facility for the 
link to Earth. The facility was designed for a crew of four with 7- 
day visits during deployment, and up to 180 day operational 
missions. 


NASA is looking to private enterprise to provide logistics support 
for the lunar surface, and some companies are making lunar plans 
themselves. Bigelow Aerospace has plans to build bases on the 
moon, based on their inflatable modules, originally developed 
from NASA technology. There is one of these attached to the ISS 
right now. 


The Google Lunar X-Prize contest has been extended to 
December, 2017, as of this writing. Here, privately funded teams 
have to land a robotic spacecraft on the lunar surface, travel at 
least 500 meters, and transmit back high-definition video and 
pictures. Five Teams are still in the running out of 18. All of the 
teams are developing relevant lunar technology. The winner could 
receive as much as $30 million. 


At the moment, NASA is not planning to send any crew to the 


lunar surface, but is focusing on the DSG, and an eventual Mars 
mission. 
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Design Studies for Colonies 


People have been thinking about habitats in space for a long time. 
Hales book, “the Brick Moon,” in 1869 applied 1860's thinking 
and technology to the problem, and came up with a hand-waving 
launch process, but a viable construction — essentially heat- 
resistant tiles. 


One hundred and twenty-eight Nations have signed a UN Treaty 
that states no country can “own” part of a celestial off-Earth body. 
It should be interesting to see how this plays out, after 
commercial entities begin to mine the moon and asteroids for 
profit. 


The commercial company Blue Origin is actively developing a 
lunar lander. The company is owned by Jeff Bezos, who also 
owns Amazon, and the Washington Post. They are also 
developing their own heavy lift rocket, the New Glenn. Boeing is 
looking as a cis-lunar habitat. Lockheed Martin and United 
Launch Alliance are focusing on Mars. OrbitalATK is working on 
support for NASA's cislunar operations. 


Delivery company DSL and European aerospace company Airbus 
Defense and Space are working on a Lunar Delivery System. It 
won't be overnight, and it will cost you $1.2 million per kilogram. 
Airbus is interested in the Perergrin lunar lander, with a cargo 
capacity of up to 265 kilograms, developed by Astrobotic, a spin- 
off from Carnegie Mellon University in Pittsburgh. Astrobotic is 
already participating in NASA's CATALYST program, and says it 
has 10 payload delivery contracts in place. It is also a participant 
in the Lunar X-prize competition. DHL currently serves more 
than 220 countries, but only one planet. They plan to deliver to 
the lunar surface MoonBoxes, small boxes of about | inch in 
diameter, that will be left on the lunar surface. 


Stanford Torus 


The Stanford Torus design for a space habitat resulted from a 
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1975 NASA Summer Study. It was contemplated to house 10,000 
permanent residents, and was 1.8 km in diameter.. A larger facility 
would hold 140,000. The Torus shape had been discussed earlier 
by Von Braun and Willy Ley, as a convenient shape to provide an 
artificial gravity when spun. At around 1 RPM, it would create a 
centrifugal force of about 1 Earth gravity. Since then, with a 
permanent human presence on the ISS, we have shown that 
gravity is not necessarily needed. 


The view from the inside resembles a long valley that curves up. 
The torus is expected to require 10 mission tons of material. 
Fortunately, most of that can be supplied from other than the 
surface of Earth, a deep gravity well. Lunar material and asteroids 
can be processed in situ for the radiation shield, representing 95% 
of the mass. 


The location was defined as the Earth-Moon L5 Lagrangian point, 
located in the Moon's orbit around Earth. Both L4 and LS form an 
equilateral triangle with the Earth and the Moon, and are stable. 


O'Neill Cylinder 


This architecture was proposed in 1976 by Physicist Gerald 
O'Neill. The space colony would consist of two counter-rotating 
cylinders The size was postulated to be 5 miles in diameter, and 
20 miles long, connected at the ends with a bearing. Each would 
provide artificial gravity. The counter-rotating cylinders would be 
aimed at the Sun. O'Neill proposed this project to his 
undergraduate physics students at Princeton. In 1957, Hermann 
Oberth had proposed a very similar architecture. 


O'Neill defined three reference designs, two spheres, and the 
cylinder configuration. The first sphere would have a 
circumference of one mile, and was called the Bernal Sphere. An 
alternate to this was developed at Stanford, the Stanford torus, 
which was about a mile in diameter. His second reference design 
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was also spherical, and his third design was the O'Neill cylinder. 
Along the sides of the cylinder are 6 strips of equal area, three 
being windows, and three being land. 

The atmosphere would be maintained at % Earth sea-level, with 
oxygen and nitrogen. The volume of the enclosed space is large 
enough to allow weather systems to develop. It is also possibly to 
build an O'Neill cylinder in a hollowed-out asteroid. This is called 
a Terraria. 


Dyson Sphere 

The Dyson sphere is an ambitious structure that encloses a star, 
thus capturing all of the power output. The concept dates back to 
an Indo-European creation myth where the sun is imprisoned in 
rock. It is mentioned in a 1937 science fiction story, “Star Maker.” 
The thought that alien civilizations may have already constructed 
one of these lead to a stellar search in the infrared. Some 
promising objects were found, but different mechanism could also 
be responsible for the observations. 


Transportation and Logistics 


The radiation environment of Earth orbit is well understood. The 
crew on the ISS can operate for up to a year at the ISS, before 
accumulating a “life-time” dose. In additional Sentinel satellites 
give us a few days warning of solar storms, or Coronal Mass 
Ejections, that would allow the crew to enter a specially designed 
“storm shelter” for a few days. The situation at the moon is much 
different. The moon has a weak magnetic field compared to Earth. 
The good news is, there is almost no trapped particles, like Earth's 
Van Allen Belts. The bad news is, the lack of an appreciable 
magnet field mean no protection from energetic charged particles. 
In cis-lunar space, there is a greater incidence of galactic cosmic 
rays. It is a similar situation at Mars. For Habitats at the Earth- 
Moon libration points, it is the same. Facilities on the lunar 
surface will probably be put under a layer of regolith, as the 
moon's lack of atmosphere and magnetic field provide no 
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protection from the solar wind. Another potential accommodation 
is within lunar lava tubes. 


Away from our home planet with its convenient magnetic field 
and van Allen Belts, we have radiation issue with cosmic rays and 
the Solar proton wind, as well as transient events such as the 
CME. This will be address by locally obtained mass, from the 
lunar surface or asteroid, employed as bulk shielding. The 
shielding will also protect against space debris. Although a 
window may be pierced, the hole will generally be small enough 
to be ignored for a while, due to the large enclosed volume of air. 


Colonies are best located near resources and energy sources. The 
energy resource is the Sun. The resources, in the short term are 
the moon and the asteroids. This approach was followed in 19" 
century iron manufacturing, where the iron furnaces we located 
near supplies of the raw material, iron ore, limestone, and coal. 
Villages grew up around the iron works. It is cheaper to ship 
finished product than the raw materials. 


Water ice is a valuable commodity. It has been observed in craters 
at the lunar poles. It can be electrolized with abundant solar 
power into its constituent hydrogen and oxygen, and used as 
rocket fuel. 


There also seems to be extensive amounts of Helium-3 in the 
lunar regolith, from the solar wind. Helium-3 is a potential energy 
source in nuclear fusion reactors. It has the nice property of 
releasing large amounts of energy, but little radiation. 


Besides the asteroids, which mainly are found beyond Mars, there 
are also inactive or captured comets that contain water ice, and 
hydrocarbons. Jupiter's Trojan asteroids may have water ice in 
vast quantities, which would make them ideal filling stations for 
interplanetary missions. Just need a bathroom, coffee machine, 
and some snacks. 


Energy from the Sun is abundant, and amounts to about 1367 
watts per square meter, at Earth's orbit. More as you go closer, 
less as you go further away, by an inverse square law. With 
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current solar cell technology, solar panels can be used up to 
Jupiter, but not beyond. 


Mars Base Camp 


Human missions to Mars have gotten consideration for more than 
150 years. Von Braun made a very detailed study of a Mars 
mission in 1952. Willy Ley had published a variation in 1949. By 
1956, their modified mission design would required over 400 
launches, assembly in space, but would provide a winged lander 
for Mars. The thought is to land there, and, now that we know the 
surface features, begin to terraform the planet for our needs. Mars 
missions are in active planning by the United States, Russia, 
Europe, China, and several commercial entities. The best transfer 
orbit was defined in 1925 by Walter Hohmann. Since Mars and 
the Earth have different orbital periods (“years”) around the Sun, 
there are optimal times to make the journey. After working 
through all the math, the time between optimal Earth-Mars trips is 
26 months. This provides the optimal energy expenditure. Using a 
Hohmann transfer, there would be a 9-month travel time, Earth to 
Mars, a 500 day stay at Mars to allow alignment of the orbits 
again, and another 9 month journey back. Can't we do better, yes, 
but at the coast of fuel. There is a maneuver that would provide a 
Venus and a Mars flyby in one mission, with no landings. All of 
these long duration missions offer various hazards, and will be 
operating in “unknown territory” in terms of a small group of 
humans in a small space for a long time. 


A NASA study by three major aerospace companies in 1962, 
showed a Mars mission requiring 8 Saturn-V “moon rockets,” 
with assembly in Earth orbit. Von Braun's Mars Mission was 
passed over in favor of the Space Shuttle Project. Mars has been 
studied by fly-by, orbiting, and lander missions since 1981. 
NASA's Mars Design Reference Mission of the 1990's assumed 
that fuel could be synthesized from Martial atmospheric or 
surface components. The design studies continue to this day. 
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The Mrs Base Camp is a crewed Mars orbiter, proposed by 
Lockheed Martin, possibly ready for the 2028 favorable launch 
opportunity. The hardware would use the Orion MPCV. Although 
the humans would remain in Mars orbit, they would perform tele- 
operation experiments on the surface. The mission would be 
launched from lunar orbit. The first mission is named Mars Base 
Camp-1. A crew of 6 would spend a year in Martian orbit. The 
duration is dictated by the relative orbital positions of Mars and 
Earth. Interplanetary missions generally provide very limited 
options for abort/early return scenarios. 


Lockheed defined a road map of the technologies required to 
achieve the Mission. The parts include: the MPCV, which is the 
orbital command and control center, implementing navigation, 
communications, and life support and habitat systems. The Solar 
Array subsystem provides power for the system, including the 
electric propulsion engines. This is being developed by NASA- 
Glenn. The radiators control dumping of excess heat. The 
propulsion stage uses cyrogenic fuels. Side visits to the moons 
Phobos and Deimos are planned. The main part of the assembly 
will consist of an Orion capsule with an associated service 
module, and an excursion module. There will be a laboratory and 
workshops. The excursion modules will provide access to the 
Martian (and Mars lunar surfaces.) 


The Mars hardware and operations would be checked out at the 
Deep Space Gateway. The eventual goal is to establish a self- 
sustaining colony, and perhaps terra-form the Red Planet to be 
friendlier to Earth life, plant and animal. 


The MPCV would provide housing, life support, transportation, 
and command & control. Large solar arrays would be used, as the 
vehicle is designed for electric propulsion. In addition, an 
onboard 3-D printer is seen as an alternative to manifesting 
spares. 


A follow-on concept is winged Mars surface lander, using liquid 
hydrogen and liquid oxygen engines. The fuel and oxidizer would 
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be derived from water, electrolized using solar energy. Initially, 
the water would be shipped from Earth or the Moon, with a goal 
of finding water on the Martian surface, or its moons. NASA sees 
an opportunity for commercial firms to supply the water. A Water 
Delivery Vehicle (WDV) with a capacity of over 50 metric tons 
would be required. This will dock with a 375 kilowatt electrolysis 
plant in orbit. The Earth-rated 375 kw plant degrades to 160kW 
(42.6%) at Mars' greater distance from the Sun. 


Modules would be delivered and pre-positioned in Mars orbit, 
including a lander (The Mars Ascent/Descent Vehicle) and a 
cyrogenic fuel depot. The MADV touches down and launches 
vertically. It will house 4 crew for a 10-day duration on the 
surface. The MADV's engines will use liquid hydrogen and 
oxygen for an efficient Isp of 405 seconds. Six RL-10 class 
engines are postulated. 


The lander will have crew accommodations for four, on three 
decks. There is to be a flight deck, crew quarters on the mid deck, 
and an aft deck with galley, lab facilities, and the airlock. 


Solar electric propulsion using xenon gas will be feasible with 
large solar arrays. The Deep Space Gateway will use this 
approach for stationkeeping. 


One timeline shows a cis-lunar outpost starting in 2021, with 
lunar surface science by 2024. There could be a pre-deployment 
of assets to Mars by 2026. The year 2028 is targeted for the Mars 
mission. Besides the government mission, certain private 
spacecraft companies are defining their own Mars missions. 


Commercial ventures such as Elon Musk's SpaceX are also 
interested in a Mars Colony. Musk, the founder of PayPal, put his 
own money into the company. It has developed its own launch 
vehicle, the Falcon, and has a 12-trip resupply contract for the 
ISS. SpaceX's approach to the uncrewed resupply missions is 
unique. The capsule is recovered and reused, saving a lot of 
money. 
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Broader Space Colonization 


As of this writing, the space activities have gone from an 
Astronaut on a ballistic trajectory, to a fully crewed multi-year 
space station, to plans for the Deep Space Gateway, lunar bases, 
and Mars missions. 


The next steps have been known for decades — permanent 
habitation on another planet. That, and human exploration of the 
outer planets will take our attention for decades into the future. 
After that, the solar system won't be able to hold us. This will 
require technologies that have yet to be developed. And, 
throughout history, humans were explorers. They always 
wondered “what was over there?” 


In the shorter term, space Colonization will take our best efforts 
for a long time. It is obvious that the colonists will need to utilize 
in-situ materials and energy sources. Space is hostile to life. 
That's why our planet is important to us. 


Why are the expense and effort? For one thing, it might help to 
ensure the survival of our civilization. If there was a global 
disaster, having friends in other places might help us recover. That 
could include direct assistance, and additional resources. 


Space is full of vast resources for us to utilize. We just need the 
technology to do it. We are not going to be able to lift all the 
materials we need from the Earth's surface, so it will be important 
to develop the technologies for lunar and asteroid mining and 
processing. Many Earth resources are non-renewable, but could 
be replaced with off-planet resources. Let's plan from the 
beginning not to trash other planets. Resources that can't be used, 
or are radioactive or toxic, can be sent on a one-way trip to the 
Sun. 


Orbital Development Corporation is proposing a project to exploit 
the near-Earth asteroid Eros. It's some 20 miles long, with an 
estimated mass of nearly 80 trillion tons (10'’). Thanks to the 
NEAR Showmaker spacecraft, much of its composition is known, 
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and includes iron, aluminum, silicon, and magnesium. It is likely 
that rare-earth metals are also present. It is proposed to build a 
habitat at one point on the spin axis, with a shipyard at the other. 
Mr. Gregory W. Nemitz claims ownership of the asteroid, which 
has been contested in Federal Court. He sent NASA a parking bill 
for the NEAR spacecraft on the surface. We'll see how this all 
works out, but it is precedent-setting, and needs to be decided 
before large-scale commercial exploitation of space resources is 
begun. 


(http://www.orbdev.com/erosproj.html) 


Generation ship 


The Generation Ship, also called an Interstellar Ark or Worldship, 
is a concept that has been considered in some detail. Since it will 
take multiple human lifetimes, even at a fraction of lightspeed, to 
reach other star systems, it provides an entire habitat for multi- 
generations of explorers. The idea evolved out of Science Fiction. 
Robert Goddard, in 1981, discussed long interstellar journeys by 
have the crew in deep sleep. Konstantin E. Tsiolkovsky, in 1928, 
discussed a space colony in his “The Future of Earth and 
Mankind.” 


Dr. Robert Enzmann proposed the concept of a manned 
interstellar spaceship in 1964. The craft would use thermonuclear 
engines, fed by a huge ball of frozen deuterium. Behind this 
would be the habitable module. A crew of 200 was proposed. 


We are heading out to the stars to see what's there. At the same 
time, we want to protect the Earth, most particularly, Humans. We 
need some expanded technology, but we are good at that. We have 
always wondered, for the past 100,000 years or so, “what is over 
there?” We have broadened our horizons of “over there.” It will 
be exciting. 


Wrap-up 


ay 


The Deep Space Gateway, the lunar outpost, the Mars Mission. 
These are no longer concepts, but active projects with a lot of 
smart people, and a lot of money. It's not a question of whether its 
going to happen, but how soon. With Commercial firms involved 
and interested in mining the moon and asteroids, Earth will have 
to develop more complex “Space Law” to address who owns what 
and who benefits. In the past, the new frontiers, America, the 
Yukon, the “West” were mostly wild and ungoverned, at least at 
first. Hopefully, we will think this thing through, so no 
corporation or Nation-state will be able to enrich themselves, at 
the cost of others. 
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Taking out the trash: 
https://arc.aiaa.org/doi/abs/10.2514/6.2017-5126 

Space Studies Institute, www.ssi.org 

David Hardy, PROJECT HYPERION: THE HOLLOW 
ASTEROID STARSHIP, avail: 
http://www.icarusinterstellar.org/project-hyperion-the- 


hollow-asteroid-starship- 


dissemination-of-an-idea/ 

Mars Base Camp, http://lockheedmartin.com/us/ssc/mars- 
orion. html 

“Mars Base Camp Updates and New Concepts” available 
for download at the address above. 

NASA's Exploration Systems Architecture Study -- Final 
Report, avail: 
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https://www.nasa.gov/exploration/news/ESAS _report.html 
Human Exploration of Mars, Reference Mission 
avail:https://web.archive.org/web/20070626 15444 1/http:// 
exploration.jsc.nasa.gov/marsref/contents.html 

wikipedia, various. 
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Glossary of terms and definitions 


Apogee — furthest point in the orbit from the Earth. 

Aphelion — furthest point to the Sun. 

Apolune — furthest point to the Moon 

ASIN — Amazon Standard Inventory Number 

Astrionics — electronics for space flight. 

BEAM - Bigelow Expandable Activity Module — commercial 
inflatable space module. 

BEO — beyond Earth orbit. 

CATALYST - Lunar Cargo Transportation and Landing by Soft 
Touchdown 

CBM — common berthing mechanism 

Cislunar — beyond Earth's atmosphere to just beyond the moon's 
orbit. 

CM — crew module 

CME — Coronal Mass Ejection, blast of energetic particles from 
the Sun. 

CMP — co-manifested payload. 

CNSA — China National space Administration. 

CNSA — China National Space Administration. 

Conops — concept of operations. 

CPS — Cyrogenic Propulsion Stage. 

CRTBP — Circular Restricted three-body Problem. 

CSA — Canadian Space Agency, Agence Spatiale Canadienne 
CSF — Cislunar Support Flight. 

C&W — caution and warning. 

Cygnus — Orbital-ATK automated cargo vehicle for ISS. 
Cyrogenic — relating to very low temperatures. 

DAM — damage avoidance maneuver. 

DCM - docking cargo module. 

Delta-V — change in velocity. 

DoD — (U.S.) Department of Defense 

DRG — Distant Retrograde Orbit. 

DRM -— design reference mission. 

DSG — Deep Space Gateway 
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DSH — deep space habitat. 

DSN — (NASA) Deep Space Network. 

DST — Deep Space Transport 

DTM — dynamic test model, for structural tests. 

ECLSS — Environmental Control & Life Support system. 
EDL - Entry, Descent, Landing. 

EM-x Exploration Mission number-x. 

Ephemeris — position information data set for orbiting bodies, 6 
parameters plus time. 

Epoch — a rererence point in time for orbital elements. 

EPS — electrical power system 

ESA — European Space Agency 

EUS — Exploration Upper Stage. 

EVA — extra-vehicular activity. 

FMARS - Flashline Mars Arctic Research Station 

FTL — faster than light 

GNC — Guidance, Navigation, and Control. 

Gravity well — a conceptual model of the gravity field near a 
mass. 

GSFC — NASA Goddard Space Flight Center, Greenbelt, MD. 
Halo Orbit — three dimension orbit near the L1, L2, or L3 
Lagrange points. 

HEEO — highly eccentric Earth orbit. 

HEOMD — Human Exploration and Operations Mission 
Directorate. 

HITL — Human in the loop. 

HOPE — Human Outer Planet Exploration (NASA) 

HSIR — human systems integration requirements 

IDSS — International Docking System Standard. 

IGA - (ISS) InterGovernmental Agreement 

ISP — specific impulse. Measure of efficiency of rocket engine. 
Units of seconds. 

ISRO — Indian Space Research Organization 

ISRU — in situ resource utilization 

ISS — International Space Station 

JAXA — Japan Aerospace Exploration Agency. 
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KW — kilowatt. 

ISRU — in site resource utilization. 

ISS — International Space Station 

JAXA — Japanese space agency 

JPL — Jet Propulsion Laboratory, Pasadena, CA. 

JSC — Johnson Space Center, Houston, Texas. 

KSC — NASA Kennedy Space Center, launch site, Florida. 

L2 — second of 5 Lagrange points, a null in the gravity field in the 
restricted 3-body problem. 

LAS — launch abort system 

Lbf — pounds, force. 

LCT — Lunar Cargo Transportation. 

LEO — Low Earth Orbit 

LH2 — liquid hydrogen. 

Libration point — null in the gravity field of the three body 
problem. 

LOS — Russian Lunar Orbital Station;m loss-of-signal. 

LOX — liquid oxygen, boils at -297 F. 

LSAM -— lunar surface access module 

LSPPO — Lunar Surface systems Project Office (NASA-JSC). 
LST — landing by soft touchdown. 

MADV — Mars Ascent/Descent Vehicle. 

MBC — Mars Base Camp. 

MET — mission elapsed time. 

MMSEV — MultiMission Space Exploration Vehicle. 

MOU —- memorandum of understanding. 

MPCYV - Multi-Purpose Crew Vehicle. 

MPLM — Multi-purpose Logistics Module. 

m/s — meters per second. 

Mt — metric ton, 1000 kg. 

NAC — NASA Advisory Council. 

Nadir — the point directly below. 

NASA - (U.S.) National Aeronautics and Space Administration 
NEO ~ near Earth object. 

NextSTEP-2 — (NASA) Next Space Technologies of Exploration 
Partnerships. 
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NHV — net habitable volume. 

NRHO - Near rectilinear halo orbit (around the L1 or L2 Earth- 
Moon libration point). 

NTIS — National Technical Information Service (www.ntis.gov). 
NTRS — NASA Technical Reports Server, ntrs.nasa.gov 

ORU — Orbital Replacement Unit. 

OPSEK — (Russian) Orbital Piloted Assembly and Experiment 
Complex. 

Perigee —closest point in the orbit from the Earth. 

Perhelion — closest point to the Sun. 

Perilune — closest point to the Moon 

PMA — Pressurized mating adapter. 

PMCU — Power Management Control Unit. 

PPB — power and propulsion bus 

PTCS — Passive thermal control system 

PVCU — Photo Voltaic Control Unit. 

RCS — reaction control system. 

RGA — rate gyro assembly 

R&D — research & development. 

Regolith — layer of loose material, covering rock; dirt. 
ROSCOSMOS - Russian Space Agency. 

RPOD — Rendezvous, Proximity Operations, Docking. 

SEP — solar electric propulsion 

SHFE — space human factors engineering. 

SI — System International — the metric system. 

Sidereal period — time for an object to make a full orbit. 

Sol, local solar day — on Mars, 24h, 37 min. 

SLS — (NASA) Space Launch System. 

SPACE Act - Spurring Private Aerospace Competitiveness and 
Entrepreneurship 

Synodic period - time for an object in orbit to occupy the same 
point, in relation to 2 other objects. 

TCS — thermal control system. 

TLI — Trans-lunar injection. 

TM — Technical Manual. 

TPS — thermal protection system. 


40 


Trillion - 10” 

TRL — technology readiness level. 

UDM - universal docking module. 

Ullage — residual fuel or oxidizer in a tank after engine burn is 
complete. 

USAF — United States Air Force. 

V&V — verification and validation. 

WDV - water delivery vehicle. 

XBASE - Expandable Bigelow Advanced Station Enhancement. 
Zenith — the point directly above. 

Zombie-sat — a non functional satellite in orbit, contributing to the 
orbital debris problem. 
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